The recent high prevalence of fatal bites by Brown snakes (Pseudonaja genus) has led to this study of venom yields from 66 brown snake milkings over 15 months. The amount of venom obtained from all species was higher than reported previously. Electrophoretic and Western blotting analyses of their venoms showed significantly lower avidity of Brown snake antivenom (BS-AV) for the prothrombin activator (PA) component (190 kD) than for other venom components, including the neurotoxins. The LD 50 of P. inframacula has been determined for the first time.
Tiger snakes (Notechis genus) have been considered the major cause of serious human snake bite throughout Australia 1 . However, bites by Brown snakes are now the leading cause of deaths in Australia, having caused 11 out of 18 deaths between 1981 and 1991 and 6 out of 12 between 1992 and 1994 3 . Brown snakes also cause 73% of domestic envenomations 4 . The apparent shift in animal envenomations has probably resulted from a decline in Tiger snake populations due to urbanization plus possible increases in Brown snake species which are better adapted to the changed environment. The Pseudonaja genus occupies the whole of mainland Australia and some offshore islands 5 . P. textilis venom has been studied more than other venoms from this genus and a number of toxins have been isolated and characterized. Textilotoxin is the most toxic of these, as well as being the largest neurotoxin (88,000 Daltons) known. Two prothrombin activators have been isolated from P. textilis venom [7] [8] [9] . The two prothrombin activators are different in their requirement for phospholipid and in this study a mixture of these two would be in the purified prothrombin activator.
In this paper Brown snake venom yields and components are compared. The immunoreactivity of their venoms with the CSL BS-AV are reported. Furthermore, the rate of neutralization of P. textilisprothrombin activator by BS-AV is presented, as well as a demonstration of its in vivo effects in rats.
MATERIALS AND METHODS
Four species of Brown snakes were milked weekly, over a 15-month period, at Venom Supplies Pty Ltd, at Tanunda, South Australia. They comprised mature specimens as follows: 54 Common Brown snakes [40 x P. textilis (Adelaide environs, South Australia) and 14 x P. textilis (Gold Coast, Queensland)]; four Western Brown snakes, P. nuchalis (Whyalla, South Australia); four Peninsula Brown snakes, P. inframacula (Eyre Peninsula, South Australia); and four Dugites, P. affinis (Perth, Western Australia). The particulars of these milkings are recorded in Table 1 .
The snakes were milked by placing a soft plastic pipette tip, without suction, over each fang separately and massaging the venom glands gently. The venom was then forced from the pipettes into larger preweighed plastic tubes. The tubes were weighed to determine the wet weight of venom produced by each snake. Each sample was immediately frozen in dry ice and freeze dried, followed by reweighing to determine the total amount of dry venom produced. Aliquots, 1 mg in 1 ml, were frozen and stored.
Determination of LD 50 for venoms from P. inframacula was carried out essentially by the method of Broad et al 10 . After reconstituting venom with distilled water, five dose levels were prepared covering the range 6 to 18 µg/mouse (19-21g mice, male, Balb-C). Mice in groups of four were injected subcutaneously with 0.2 ml of each venom dilution. Mice were observed over 48 hours and those showing signs of envenomation (not responding to stimuli, appearing to be paralysed or exhibiting clear signs such as dyspnoea) were killed by cervical dislocation and were considered positive. The LD 50 value was calculated from the doses having one to three mice alive at the end of the observation period.
Brown snake antivenom (BS-AV) (F(ab) 2 ) was purchased from CSL Ltd, Parkville, Victoria, (1,000 unit/vial) and rabbit anti-donkey IgG horse radish peroxidase (IgG-HRP) conjugate was purchased from Silenus Laboratories, Hawthorn, Victoria. 5% SDS-PAGE was carried out essentially by the method of Weber and Osborn 11 . Western blotting was carried out by the method of Tobin et al 12 , using BS-AV as a primary antibody and rabbit anti-donkey IgG-HRP as a secondary antibody. The blot was developed using nickel-and cobalt-enhanced 3,3'diaminobenzidine (DAB) and 3% hydrogen peroxide 13 . The N-benzoyl-L -isoleucyl-L -glutamyl-glycyl-L -arginine-pnitroanilide (S-2222, Kabi Diagnostics, Sweden), chromogenic assay for Pt-PA activity, and Pt-PA purification, were carried out as described by Masci et al 7 . Pt-PA was stored in 50% glycerol (1 mg/ ml) at -20°C.
Neutralization of Pt-PA by BS-AV was measured in vitro. Briefly, the assay comprised 1.0 ml reaction mixture containing 0.90 ml of 0.15 M tris-HCl. pH 7.4; 0.050 ml of S-2222 (3.0 mM) and 0.050 ml of Pt-PA/BS-AV mixture, with or without preincubation for 30 minutes. The initial rate of hydrolysis of S-2222 was measured continuously at an absorbance of 405 nm using an Hitachi 557 recording spectrophotometer.
In vivo studies were made in mature Sprague-Dawley rats (weights 250-400 g), anaesthetized with 60 mg/kg of pentobarbitone), They were injected in a tail vein with 8 µg or more of purified Pt-PA in 0.2 ml of saline. Some animals were pretreated with sodium heparin (100 IU) (Abbott Laboratories), while others received a "tolerance" regimen, starting with 1.0 µg of Pt-PA and increasing exponentially (2, 4, 8 etc) at 10-minute intervals. Blood was taken into trisodium citrate (0.025 M) at death or after one hour, by cardiac puncture. Clottable fibrinogen was measured by the method of Ratnoff and Menzie 14 , and platelets were enumerated using a Coulter counter, both results being converted to a log-normal distribution for statistical calculations. All animal experiments were conducted following National Health and Medical Research Council) (NHMRC) guidelines with Animal Experimentation Ethics Committee (AEEC) approval.
RESULTS
The average venom yields (Tables 1, 2) for P. textilis (S.A.) of 4.41 mg are similar to previous reports whereas for P. textilis (Gold Coast), the average yield (8.14 mg) is twice the anticipated amount 9 . The respective maximum yields for both (17 mg and 52 mg) are four and 12 times greater than those previously accepted 1 . The venom yield for P. inframacula is reported for the first time. The mean yield of 24.4 mg [snakes with snout-vent length (svl) range 1170-1510 mm] and the maximum yield (76.2 mg) are the highest of the group. Subsequent to this study, the dry venom yield from one specimen of P. inframacula was 139 mg. The average venom yields of both P. affinis and P. nuchalis are also far greater than previous values 1 . The LD 50 for the venom from P. inframacula was determined to be 0.25 mg/kg, making it the second most toxic Pseudonaja genus venom (to P. textilis) in mice.
Using SDS-PAGE under non-reducing conditions, Pseudonaja venoms are compared with O. scutellatus and O. microlepidotus venoms as well as the purified prothrombin activators from the venom of P. textilis and O. scutellatus (Figure 1 ). Analysis of Coomassie blue-stained gels (Figure 1a ) of the whole venoms show similar patterns of component distribution, with a major band, migrating at 190 kD, being identified as the major component of the prothrombin activator complex in all gels 7, 9 . The 80 kD component has been shown to be the presynaptic neurotoxin with the low molecular weight group representing post-synaptic neurotoxin and protease inhibitors 1, 6, 15 .
There are similarities in the venom component patterns of both Oxyuranus species with Pseudonaja group although the relative quantities of various components differ. In particular, the density of the 190kD band in O. scutellatus (marked Os) is clearly less than that seen in the P. textilis (marked Pt), suggesting that the concentration of prothrombin activator is far greater in the latter.
With Western blot analysis of SDS-PAGE of the same samples, developed using BS-AV as the primary antibody (Figure 1b) , the BS-AV is able to recognize all the components separated by SDS-PAGE. It is noteworthy that the BS-AV binds poorly to the 190kD band (PA) compared to the intensity of the reaction to the other components in Pseudonaja venoms. Furthermore, BS-AV recognizes the 190 kD band in Oxyuranus venoms with greater avidity than with Pseudonaja species. This difference is further highlighted with the purified prothrombin activator fractions from each (Os-PA and Pt-PA). Figure 2 shows the results of an S-2222 chromogenic assay of purified Pt-PA incubated with BS-AV. A 30 minute preincubation reveals inhibition at a 1:1 molar ratio, while with no incubation, even a 20-fold excess of antibody, there is a residual activity of approximately 40% of the initial level. Effective neutralization of Pt-PA by BS-AV may require at least a 15-minute incubation period. Masci et al (1986) 9, 15 have shown that a concentration of 2 µg/ml of P. textilis whole venom will clot citrated plasma in 10 seconds, while the same group (Masci et al 1988) 7, 9 have also shown that the prothrombin activator constitutes 30% of P. textilis venom. Therefore, after envenomation, such a delay in neutralization of this activity, whose potency is demonstrated below, could be detrimental.
For the in vivo study, 8 µg of purified P. textilis prothrombin activator given intravenously killed rats uniformly in less than one minute. Fibrinogen concentrations and platelet counts fell, confirming that there is in situ generation of thrombin resulting in acute disseminated intravascular coagulation 9, 16 . The prior anticoagulation of animals with 100 units of sodium heparin (Abott Laboratories) before administering eight times the lethal concentration (64 µg/ rat) of Pt-PA resulted in no deaths (Table 3) . Similarly, the slow introduction of tolerance to Pt-PA, by slowly administering up to 16 times the lethal dose, resulted in only one in five animals dying. In spite of the higher doses of Pt-PA, consumption of platelets and fibrinogen were greatly reduced in severity.
DISCUSSION
Previous reports of average venom yields in Pseudonaja sp. were lower than in this report. They include 2.8 mg for P. nuchalis (personal communication from Mr R. Hinton, quoted by Sutherland, 1983 1 ). In 1970, Worrell recorded an average of 2 mg from P. textilis and a maximum of 41.4 from a 2.2 metre specimen from Roma in Queensland. In 1983 1 Sutherland recorded an average from P. textilis of 4 mg (geography not stated). Kellaway (1931) 17 reported a maximum yield of 62.7 mg. Maximum yields from all studies are comparable. The high average yield from P. textilis (Gold Coast) in this study is especially notable. The newly reported venom yields from P inframacula, mean 24.4 mg and maximum of 76.2 mg are remarkable. Considering its low SC LD 50 , making it the second most toxic Pseudonaja venom, this high yield makes P. inframacula a potentially very dangerous snake and cases of envenomation should be assessed carefully. The species of Pseudonaja responsible for a Brown snake bite is rarely known at the time of a bite, although some indication of the species responsible can be deduced from region where the bite has occurred (e.g. Eyre Peninsula is the locality where P. inframacula are found).
Brown snake antivenom (CSL Ltd) is of proven value in treating snake bites from many of the Pseudonaja species 16 , yet some patients still die after severe envenomation in spite of treatment and all of these, in our experience, have ongoing coagulopathy 19 . Intensive care physicians in Brisbane have stated the opinion that a factor determining the degree of morbidity or chances of recovery in severely envenomated patients is the ability to arrest coagulopathy rapidly (Henderson, personal communication), by neutralizing the activity. Difficulty in reversal of coagulopathy has been seen with P. textilis, nuchalis and affinis bites 1, 2, 19, 20 . Although it has been suggested that inter-species variability may be responsible, the study of Williams et al (1994) 21 revealed very little biochemical variation in the prothrombin activators from all four Pseudonaja species. Others (Henderson et al, 1993) 19 have suggested the presence of an undetermined toxic component, not recognized by BS-AV, as an additional factor in fatal Brown snake bites. This could be the prothrombin activator.
The findings recorded in this paper implicate two major factors which influence severity: the involvement of a greater than expected amount of venom and a more significant role than previously acknowledged for prothrombin activator. Not considered in this paper is a possible third mechanism which we have investigated: that venom components (both neurotoxins and PA) rapidly bind to cells and tissues and may not be readily accessible to antivenom within the circulation (Masci et al, unpublished study) .
According to the leaflet supplied with CSL Brown snake antivenom, an anticipated venom yield of 4 mg is used to calculate the amount of antivenom supplied in a single vial, usually 1,000 units. One unit should neutralize 10 µg of venom and one vial should neutralize 10 mg of whole venom. Envenomation is not a static process and there is no certainty that neutralization of any toxic component will occur as intended. This study shows that the affinity of BS-AV for Pt-PA is low and the interaction occurs slowly, suggesting that prothrombin activators in particular may not be completely neutralized. This conclusion is supported by Sprivulis et al (1996) 22 , who showed in a simple clotting test the low efficacy of CSL-BS-AV in neutralizing the procoagulants in three Pseudonaja species.
The potential for the prothrombin activators to kill acutely is unquestionable (Table 3) ; additional morbidity may accompany disseminated intravascular coagulation seen with longer survival. The data of this study show that they function purely as procoagulants without any intrinsic toxicity with the doses we used. The rapid intravascular entry of any procoagulant can cause death from intravascular coagulation and respiratory failure (Whitaker et al, 1969) 23 . Slow entry, such as gradual release from a depot, or with an ongoing "tolerance" model, results in coagulopathy, accompanied, in cases of P. textilis envenomation which we have studied, by intense secondary fibrinolysis (Masci et al, 1990) 16 . This fibrinolysis occurs even though the venom contains a plasmin inhibitor (Willmott et al, 1995) 24 and does not contain a plasminogen activator (Masci, 1986) 15 . We have made similar observations with Tropidechis carinatus envenomation (Morrison et al, 1987) 25 and have shown purified prothrombin activator from this snake to cause similar effects in animals, except that it is lethal for rats in even small doses (<1.0 µg/animal) (Whitaker et al, unpublished) . The implications of this study probably extend to other Australian snake venoms which contain prothrombin activators. One aim in therapy should be to neutralize any prothrombin activators with antivenom. Heparin would theoretically be of value with massive envenomation, if it were injected at the time of envenomation in a patient likely to die. A possible role in other situation, e.g. to cover constriction bandage or tournique release, would require further investigation.
The difficulty may lie in determining how much antivenom is required for individual envenomed patients. The venom yields reported here suggest that previous requirements may have been underestimated and may have overlooked geographical differences in venom yield, as found with P. textilis (Adelaide v. Gold Coast) as well. Another disparity would be the wide range between average and maximal venom yields since the latter may need to be covered in an individual patient.
Consideration should be given to the observation that the amount of venom produced during a defensive bite (cornered or stood on by a human) is far greater than that produced by milking. Morrison et al (1983) 26 , reported that the Common Brown snake P. textilis [from within a 200 km radius of Brisbane (N. Charles, personal communication)], yielded an average of 3.6±0.6 mg in a defensive bite, suggesting that the Brown snake is able to control the amount of venom injected in a bite. These snakes were small, of unknown origin and had been bred in captivity.
There seems to be no firm recommendation on the amount of antivenom needed to cope with the prothrombin activator in Pseudonaja sp. envenomation (and other snake genera as well). This could justify the development of an improved antivenom, possible by spiking it with a faster-binding antibody or Fab directed to the active site of the prothrombin activator, in order to reduce the time required for its neutralization.
